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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-180

HYDRODYNAMIC CHARACTERISTICS OF A PLANING SURFACE
WITH CONVEX LONGITUDINAL CURVATURE AND
AN ANGLE OF DEAD RISE OF 20°

~ By Elmo J. Mottard
SUMMARY

A hydrodynamic investigation was made in Langley tank no. 1 of a
longitudinally curved planing surface with a dead-rise angle of 20°. The
surface was a circular arc with the center of curvature 20 beams above
the model. The beam was 4 inches and the length-beam ratio was 9.

Wetted length, resistance, and trimming moment were determined for wvalues
of beam-load coeffictent Cp from -3 to 37, Froude numbers from 6 to 25,

and Reynolds numbers from 5 X lO5 to 107.

Compared with a 0°-dead-rise surface with the same curvature, the
20°-dead-rise surface had a greater wetted-length—beam ratio (for the
same lift), a lower lift-drag ratio, a more forward center-of-pressure
location, and greater trim for maximum lift-drag ratio. Except at very
low trim, the variation of the center-of-pressure location with wetted
length was about the same for the 20°-dead-rise surface as for the 0°-
dead-rise surface. The angle of the heavy-spray line at the wetted
leading edge was the same as for a longitudinally straight surface with
the same dead rise and leading-edge angle of incidence. The skin fric-
tion for the 20°-dead-rise curved surface was nearly the same as that
for a plane surface alined parallel to the stream.

INTRODUCTION

Considerable data have been available for many years on the planing
characteristics of longitudinally straight and concave planing surfaces.
The data for straight surfaces are summarized in reference 1. Refer-
ence 2 contains data for concave surfaces. Until recently, however,
although some planing craft have employed longitudinally convex surfaces,
there has been no comparable supply of data for these surfaces.

In order to determine to what extent the planing characteristics
would be affected by a slight longitudinal convexity, an experimental



investigation was undertaken at Langley tank no. 1 on convex surfaces
having a radius of curvature of 20 beams and deasd-rise angles of 0° and
20°. The results obtained with the 0°-dead-rise convex surface were
reported in reference 3 and the results with the 20°-dead-rise convex
surface are reported herein. The present results are compared with those
of reference 3 and with the results from a longitudinally straight sur-
face with 20° dead rise reported in reference 4.

SYMBOLS
b beam of planing surface, ft
Cp.p drag coefficient based on square of beam, _R__
’ Lovep?
2
CD,S drag coefficient based on projected wetted area Zm}cb,
C
1_13__ or —LD2P_
2
EQV lm,cb Zm:c/b
Cf,a skin-friction coefficient based on approximate mean velocity,
Fe

1 .2

Epvm,almb sec B

. s - Fe
Cf,V skin-friction coefficient based on forward speed, ij————————

Epvzlm,cb

. . Fy 2Ca

CL,b lift coefficient based on square of beam, i_;§;§ or —=
C
i v
CL,S lift coefficient based on projected wetted area lm,cb’
Fy or CL,b

1

§pV21m,cb Zm,c/b
Cr resistance coefficient, R/wb3
CV speed coefficient or Froude number, 'V/J gb

Ca load coefficient or beam loading, Fv/wb3
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My

Mg

draft of trailing edge at keel referred to undisturbed water
surface, ft

draft of trailing edge of chord of mean wetted arc at keel
referred to undisturbed water surface, ft

friction force tangential to planing surface, Mf/r, 1b
vertical force (lift, positive upwards), 1b

acceleration due to gravity, 32.2 ft/sec2

length of arc between trailing edge and heavy spray line at
chine, ft

length of arc between trailing edge and heavy spray line at
keel, ft

length of arc between trailing edge and rear mean boundary of
wetted area, ft

length of arc between front and rear mean boundaries of
wetted area, ft

length of chord between front and rear mean boundaries of
wetted area, ft

distance along mean chord at keel from rear mean boundary of
wetted area to intersection with resultant force vector,

1 2 ‘m,c 2 1 R
§Zm,c + Jrc - <—2’—) tan<can' E - Tc)

M
+ £ cos (tan"l -R—)sec <tan"l R Tc)
FV FV’ FV

trimming moment about center of curvature of keel, 1b-ft

trimming moment about center of curvature of bottom midway
between keel and chine, lb-ft

radius of curvature of planing-surface bottom, ft

horizontal force (drag, positive rearward), lb



k)

X Vm,alm
Reynolds number based on approximaste mean velocity, —2——

speed, fps

approximate mean velocity over planing surface,

CL,b

vell - , fps

1
-—I%LE cos T
specific weight of water, lb/cu ft

angle of dead rise (measured in planes perpendicular to base
line; see fig. 1), deg

mass density of water, slug/cu ft

trim (angle between base line and horizontal; see fig. 1),
deg

trim of mean chord (angle between chord of mean wetted arc
and horizontal), deg

trim of tangent to planing surface at front mean boundary,
T + 29(10 + lk), deg

nr

kinematic viscosity, ftg/sec

DESCRIPTION OF MODEL

The model, shown in figure 1, had a longitudinally curved bottom
with the center of the curvature located 80 inches above the model,
The angle of dead rise (defined as the angle measured in planes perpen-
dicular to the tangent at the trailing edge) was 20°. The beam was
+ inches and the length 36 inches. The mean radius of curvature of the
chines was less than 0.002 inch. The model was constructed of steel
with a plastic bottom covering. The bottom was white with black lines
every inch along the arc to facilitate reading wetted lengths.
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APPARATUS AND PROCEDURE

Tests

The tests were conducted in Langley tank no. 1 which, together
with the apparatus for towing the model and the instrumentation for
measuring the 1ift, drag, and trimming moment about the center of curva-
ture of the model, has been described in reference 5. A schematic repre-
sentation of the model and towing gear is presented in figure 2. Wetted
length, resistance, and trimming moment were determined for values of
beam-load coefficient C, from -3 to 37, Froude numbers from 6 to 25,

and Reynolds numbers from 5 X 102 to 107.

The test procedures were similar to those described in reference 6.
The trim, load, and speed were held constant during each test run. The
trim and draft were measured at the trailing edge of the model. The
wetted lengths were obtained from underwater photographs of the bottom.
A typical photograph is presented in figure 3.

Data Analysis

The method of data analysis which was used in reference 3 and is
again used here is briefly explained with the aid of figure 4, in which
the represented quantities are scaled from the data for the test run
depicted in figure 3(c). Front and rear "mean boundaries" were selected
to facilitate representation of wetted areas and wetted chord lengths.
The mean boundary was defined as a transverse line located midway between
the intersections of the wetted area with the keel and chine. These mean
boundaries define a rectangular region equal in area to the actual wetted
area. The wetted length 1, is then defined as the length of this

region. The locations of the front and rear mean boundaries were deter-
mined from measurements on photographs of the bottom, such as figure 3.

The "mean chord at the keel" was defined as a longitudinal straight
line between the front and rear mean boundaries at the keel. The length
of the mean chord lm,c was computed from the locations of the front
and rear mean boundaries. The maximum difference between the arc wetted
length 1, and the chord wetted length 1 was less than 0.33 percent.

m,c
The trim of the mean chord T, was computed from the trailing-edge

trim T and the locations of the front and rear mean boundaries. The
draft d, of the keel at the trailing edge of the mean wetted area was

computed from the draft d of the model trailing edge at the keel, the

trailing-edge trim 7, and the location 15 of the rear mean boundary.




As in references 3 and 7, buoyant effects have not been subtracted
out of the data, but large buoyant effects have been excluded by
including only test runs with buoyant force less than 20 percent of the
total lift.

Because of the circular-arc curvature of the model, only tangen-
tial forces can cause a moment about the center of curvature. It is
therefore possible to obtain resultant friction force by dividing the
moment about the center of curvature by the radius of curvature. How-
ever, because the center of curvature varies from the keel to the chine
(see fig. 1), the moment Ms about a center midway between these two

centers was used. The resulting error in the friction force is less

than 0.4% percent. In the absence of pressure data the mean velocity,

and therefore also the friction coefficient and Reynolds number,

were approximated. 1In the calculation of the approximate mean veloc-

ity, the mean pressure on the planing surface was assumed equal to
Total 1ift

Horizontal projection of wetted area

RESULTS AND DISCUSSION

The data are presented in the conventional nondimensional form in
table I and in figures 5 to 9. In figures 9 to 14 comparisons are made
with the 0°-dead-rise convex surface of reference 3 and the 20°-dead-
rise straight surface of reference 4. The effects of convexity are
discussed in more detail in reference 3.

The effect of longitudinal convexity on the flow pattern may be
deduced with the aid of figure 3. The flow for the curved surface
shown by the underwater photograph in figure 3(a) is similar to the
flow on a longitudinally straight planing surface for trailing-edge
trim settings of 5.75° or greater. In this flow pattern the rear por-
tion of the bottom is always entirely wetted. For the curved surface
at lower trim settings, the principal wetted area at the rear tapers
toward the center line (fig. 3(b)). The length of the tapered area
increases as the trim is decreased (a decrease in trim may be regarded
as an extension rearward of the model along its arc). At the trim
settings of -5.75° and -8.75°, the trailing edge of the model is behind
the principal wetted area, which converges to a point, as shown in fig-
ure 3(c). This convergence of the wetted area is independent of dead
rise and occurs because the flow, in following the model, requires ver-
tical divergence at the rear. The vertical divergence occurs near a
free (constant-pressure) surface which prevents appreciable slowing
down in the flow. It is therefore accompanied by a horizontal conver-
gence, which is apparent in figure 3(c).
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The lift, wetted length, center-of-pressure location, drag, draft,
and length of the triangular portion at the front of the wetted area are
presented in nondimensional form in figures 5 to 9. When plotted
against the 1ift coefficient CL,b’ the nondimensional wetted length

lm,c/b (fig. 5), center-of-pressure location 3 c/b (fig. 6), drag
)
coefficient Cp,b (fig. 7), and draft dc/b (fig. 8) each fall along a

single line for each trim. Negative lift was obtained at trims of -5.75°
and -8.75° but was limited to 1lift coefficients of -0.02. At trailing-
edge trims more negative than -5.75°, the data are the same as at -5.75°
because the flow is not influenced by the trailing-edge trim. At
trailing-edge trims more negative than -5.75° and values of CL,b near

zero, the location of the center of pressure zp,c (fig. 6) varies

greatly with CL,b and evidently approaches positive or negative
infinity as the resultant force vector becomes parallel with the mean
chord line from the direction of positive or negative lift. This type
of result does not exist for a prismatic surface but may be obtained on
a convex surface because of the existence of both positive and negative

pressurcs, as discussed in reference 3. The length Kk - le of the

triangular portion at the front of the wetted area is plotted against
the mean trim 7; of this triangular portion in figure 9. The results
fall along a single line and are in good agreement with theoretical
and experimental results from planing surfaces without curvature pre-
sented in reference L.

In figure 10 the nondimensional length Zm,c/b of the line between
the front and rear mean boundaries is plotted against CL,b for various

values of the trim of this line. The dashed lines are results with zero
dead rise from reference 3. The percent reduction in 1ift due to 20°
dead rise was greatest at low trim and varied from about 18 percent at
30° to 60 percent at 4°. Although there were some negative values of
CL,b (fig. 5), they do not appear in figure 10 because there were insuf-
ficient data to obtain cross plots in this region.

In figures 10 and 11 the upper ends of the curves for T, = 4O and

6° define the maximum wetted lengths obtainable. An increase in wetted
length 1, at constant = results in an increase in T, so that the

curves of T, = Constant may be traversed only by regarding each

increase in wetted length as accompanied by a compensating decrease in
T. At small values of T, a point is reached where the trailing edge

is not wetted (as in fig. 3(b)), and decreasing T no longer compensates

for increasing Zm.

The location of the center of pressure Zp’c/b is plotted against
C1,p 1in figure 11. The curves appear similar to those of figure 10 in
J



that, for a given value of 1ift coefficient, an increase in 1, c/b
2’

was accompanied by a corresponding increase in lp c/b.
2

The center-of-pressure location Zp,c/b is plotted against Zm,c/b

in figure 12 for the 20°-dead-rise surface and the 0°-dead-rise surface
of reference 3. Dead rise had very little effect on 1j . at values of
trim T, above 4O, At 4° trim the center of pressure was located a

maximun distance of 1 beam further forward on the 20°-dead-rise model.

In figure 13 the nondimensional draft dc/b referred to the undis-
turbed water surface is plotted against the nondimensional draft

ONH O\

lm,c

sin T, referred to the water surface at the wetted leading edge.

At high trim the draft referred to the water surface at the wetted
leading edge was greater (the points lie below the dashed L5° line);
thus, pile-up is indicated. The results presented here are similar to
those for the 0°-dead-rise surface in reference 3, except that the 0°-
deadrise surface gave slightly larger pile-up at high trim.

The lift-drag ratios for the 20°- and 0°-dead-rise convex surfaces
are compared in figure 14. The 20°-dead-rise surface had a slightly
smaller lift-drag ratio and larger trim for maximum lift-drag ratio.

The skin-friction coefficient and Reynolds number as defined in the
section on data analysis are plotted in figure 15. The data in figure 15
show no correlation with trim. The scatter is great at high trim because
the friction force is small relative to the 1lift and drag forces from
which it was obtained, and the accuracy is therefore poor. Comparison
of the data points with a typical transition curve for a flat plate
(ref. 8) shows what may be considered fair agreement for data in the
transition range. The slight delay in transition is probably due to the
favorable pressure gradient.

CONCLUSIONS

An analysis of experimental data obtained in an investigation of a
20°-dead-rise longitudinally convex planing surface leads to the fol-
lowing conclusions:

1. The effects of increasing the dead rise of a convex surface from
0° to 20° are (for a given 1ift) to increase the wetted length-beam -
ratio, decrease the lift-drag ratio, and increase the trim for maximum
lift-drag ratio. These effects are the same as have been found for a
longitudinally straight surface. The variation of the center-of-
pressure location with wetted length was about the same for the 20°-
dead-rise surface as for the 0°-dead-rise surface for trims above 4°.




2W

UNF ONLY

At 4° trim the center of pressure was further forward on the 20°-dead-
rise surface.

2. The angle of the heavy spray line at the leading edge was about
the same as for a longitudinally straight surface with the same dead
rise and leading-edge angle of incidence.

3. The skin friction for the 20°-dead-rise curved surface was
nearly the same as for a plane surface alined parallel to the stream.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., September 1, 1959.
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TABLE I.- EXPERIMENTAL DATA FOR A LONGITUDINALLY CONVEX PLANING SURFACE HAVING A RADIUS OF CURVATURE

20 TIMES THE BEAM AND AN ANGLE OF DEAD RISE OF 20°©

[Average kinematic viscosity, 12.04 X 1076 ftz/sec; specific weight of tank water, 63.4 lb/cu ft]

1 1 1y L 4 1
Ca oy Cr = =+ | R 2 CL,b Cp,b CL,s Cp,s Cey o
T o= 12.75°
6.51 6.17 2.21 2.39 2.69 0 2.54 —— 0.3416 0.1160 0.1346 0.0457 0.0032 1.84
8.68 9.27 2.47 1.18 1.53 0 1.36 ——— .2022 L0576 .1k85 L0423 .0022 1.15
15.20 12,34 .08 { 1.11 1.48 3} 1.30 | 0.29 1996 0536 1538 .0h12 0012 1.00
25.87 9.37 9.54 3.97 4.20 [} 407 1.15 .SkL0 2172 L1336 L0534 .0032 3.06
23.688 12.43 7.55 2.14 2,44 0 2.29 .59 3090 .0978 .1725 L0546 .00%2 1.9
26.22 15.60 8.06 1.b3 1.79 0 1.61 ———— .2316 0662 G .0h11 L0019 1.23
32.55 12.46 11.61 2.99 3.24 4] 3.12 .83 5190 L1496 L1343 0480 .0028 2.37
36.90 12.53 15.69 3.5 3.59 [} 3.47 9k 4700 W1Th .1355 .0503 .0021 2.7%
T = 17.75° \
13,02 6.20 6.14 5.29 5.47 0 3.38 1 1.1k 0.6782 | 0.3198 0.2007 | 0.0946 | 0.0022 2.43
13.02 12.43 .54 R] .70 [} .55 .16 .1684 .0588 L3062 .1069 .0010 L6
19.53 9.27 8.21 2.06 2.29 0 2.18 .66 L3l .1826 .1992 L0838 .0027 1.51
19.53 13.97 6.97 .60 .88 [ JTh .21 .2000 L0714 .a7e2 0965 .0022 51
23.87 12.37 9.08 1.23 1.48 o] 1.36 .38 L3120 .1186 229k .0872 .0017 .94
32.55 10.87 14.29 2.67 2.87 0 2.77 .91 5506 2418 .19688 L0873 L0016 1.98
32.55 15.5% 11.96 .96 1.23 o] 1.10 L3l .2700 .0992 L2455 .0902 .0012 .76
36.89 15.60 13.73 1.18 1.46 [} 1.32 .35 L3032 .1128 2297 0855 0024 LTh
T = 23.75°
8.68 6.32 4,40 1.43 1.61 o] 1.52 0.56 0.4350 0.2204 0.2862 0.1450 0.0015 1.02
8.68 T.Th 4.26 .80 1.03 0 .92 .39 .2898 .1h22 L3150 L1545 .0029 .67
2387 14.06 11.20 .58 .78 o] .68 .52 .2L1k L1132 L3550 1664 .0008 L5
32.55 10.81 | 17.13 1.89 | 2.06 3 1.98 .72 5568 2930 2812 1479 .0012 1.53
36.89 15.5% L{.oL .78 1.0t 0 .90 .30 3058 1450 3298 1611 -.0006 .59
T = 29.75°
8.68 6.29 5.41 1.16 1.28 0 1.22 0.53 0.4384 0.2732 0.3593 0.2239 0.0012 0.71
15.19 T.7h 9.66 1.38 1.51 [} 1.44 .65 .5072 3226 L3522 2240 .0002 .89
32.55 13.88 19.95 .78 91 [ .8k .38 3378 .2070 .ho21 2464 .0002 .59
T = -0,25°
L, 3h 9.21 1.51 § b.07 | .60 | 0.03{ .20 ] 0.50 0.1012 | 0.0356 0.0241 | 0.0085 | ©0.002k 4.82
4.3 12.28 1.71 3,22 3.87 .08 3.46 .36 L0576 .0226 L0166 L0065 L0026 4 .63
6.51 21.92 3.60 2.52 3.37 .06 | 2.88 .28 .0270 0150 0094 .0052 .0030 4.58
10.85 | 18.85 i, 39 3.29 | 3.97 .13 3.50 .38 L0610 0248 0174 0071 0030 k.52
13,02 25.05 5.87 2,62 3.57 .05 2.95 .32 LOb1h .0188 .0140 0064 .0031 k.54
21.70 15.75 T.42 4.93 5.36 .30 4,84 .70 L1750 .0598 L0361 L0124 .0029 4.86
28.21 18.85 10.08 4.90 5.36 .28 4,84 W67 .1488 .0568 L0307 0117 .0028 5.10
32.55 15.69 12.05 6.04 6.39 .38 5.8L .97 L2644 .0978 055 0168 .0026 5.73
372 12.49 1443 7.55 7.87 .38 7.3 1.18 R .1850 0609 .0253 .0030 6.66
T = 5.75°
4,34 9.24 0.83 1.13 1.79 ———— 1.46 0.19 0.1016 0.0184 0.0696 0.0126 0.0017 1.29
10.85 9.30 3.24 3.42 .82 | ---- 3.62 .M .2508 .0750 0693 .0207 0026 3.09
15.19 | 12.53 3.98 | 2.77 [ 2 Rp— 3.00 .55 .1936 .0508 0645 0169 -0020 2.53
15.19 15.60 3.4k 1.66 2.24 ——— 1.92 3k L1248 .0282 L0650 JOLLT .0025 1.72
19.53 9.2k T.40 5.26 5.53 ——— 5.39 1.23 RSy Bie L0849 .0322 L0031 4.58
19.53 9.30 7.4% } 5.23 | 5.53 | ---- 5.37 1.23 4516 .1720 0841 .0%20 0023 k.55
23.87 9.27 9.63 5.96 6.21 ——— 6.06 1.47 5558 2242 L0917 .0370 .003h 4.98
23,87 12.31 T.63 k.12 445 h.27 .81 3152 .1006 .0738 0236 .0020 3.52
28.21 12.37 9.65 4.60 4.90 L.Th .95 .3688 .1262 L0778 .0266 .0021 L.08
28.21 18.42 7.08 2.29 2.79 2.54 .38 1662 0418 L0654 .0165 .0025 2.19
T = -8.75°
-3.25 18.60 2.35 4.53 5.6L 1.61 3.6 -—- 0.0188 0.01%6 -0.0054 0.0039 0.0030 -1.28
2.17 | 15.81 2.26 | 5.55 | 6.39 | 1.81 | L.k 0182 0190 .00k 0046 .0026 8.70
6.51 18.60 3.95 5.94 6.64 2.00 4.28 0276 .0228 L0064 L0053 .0026 6.60
1%.00 21.70 6.49 6.28 6.94 2.12 4.48 0550 L0274 .0123 .0061 .0027 6.26
21.70 18.48 8.%0 747 T.94 2.46 5.2h 1262 .0488 .0241 L0093 .0029 5.76
23%.90 24.80 10.16 6.72 T.27 2.25 4Tk — 0778 .0330 L0164 .00k9 .0028 5.73
T = -5.75°
-1.09 15.35 1.67 3.75 4,75 0.74 3.51 0.15 -0.0093 0.01k2 -0.0026 0.00k0 0.0033 -k.85
1.09 9.27 .83 4.78 5.51 .70 bbby .27 L0254 L0194 .0057 .00LL .0022 8.51
2.17 9.24 1.10 5.26 5.94% .88 AN 35 .0508 L0258 .0108 .0055 .0018 T.45
4.3h 7.68 1.61 6.72 7.17 1.00 5.93 ———- .12 L0546 .0248 .0092 0020 6.68
10.85 15.44 I.45 5.78 6.36 1.3% 4.73 R .0BL6 .037h .0179 .0058 .0028 5.75
10.85 18.57 5.08 | 5.31 | 5.99 1.28 | u.36 29 0630 0294 .01k 0067 0029 5.83
10.85 21.61 5.80 5.13 5.76 1.22 4,22 ——-- .0u6k 0248 .0110 0059 .0028 6.14
10.85 24,77 T.02 4.88 5.55 .11 4.10 - L0254 .0228 L0064 L0057 L0030 7.43
14,11 12.31 5.% T.12 7.57 1.48 5.85 7 .1862 .0708 .0318 L0121 .0027 6.22
17.36 12,31 6.45 7.65 8.02 1.50 6,352 .87 .2292 .0852 .0%63 0135 .0021 6.5
23.87 18.57 9.19 | 6.51 | 7.02 1.48 | 5.28 .61 L1584 L0534 -0262 .0101 L0030 5.76
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Figure 2.- Model on towing gear.
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Center of curvature of chines

\—— Center of curvature of keel

T=6.67
Vertical line

Direction of motion

Undisturbed water surface

Mean chord extended
Front of model

Trailing edge

Undisturbed water surface

Line of separation

Rear mean boundary

Figure 4.- Sketch of model during test run. Dimensions are in feet.
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8.0 Trim, 7, deg
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